Introduction: Acute kidney injury is a serious public health problem, especially in intensive care units, where patients may require dialysis support, resulting in 50% mortality. Aim: To evaluate the effects of moderate aerobic exercise on the recovery phase of acute kidney injury induced by gentamicin in rats. Main methods: Male adult Wistar rats were allocated into 4 groups: W10 + R30, G10 + R30, W10 + EX30 and G10 + EX30; W10 received water (gentamicin vehicle) and G10 received gentamicin for 10 days; R30 remained resting and EX30 made exercise for 30 days after gentamicin suspension. Training was performed on treadmill. Blood, 24 h urine and kidneys were collected for renal function and oxidative stress, antioxidant, TGF-β and histological analysis. Key findings: Gentamicin treatment caused decreased renal function significant oxidative stress, reduced urinary nitric oxide and increased TGF-β. G10 + R30 presented partial recovery of metabolic data, renal function and lipoperoxidation levels, although they were still altered compared to W10 + R30. Besides, we observed the presence of lymphomononuclear infiltrate in the kidneys of G10 + R30. G10 + EX30 vs G10 + R30 showed additional improvement of all the mentioned parameters, showing at histology, regeneration of the tubule epithelium. Significance: Our data suggest that moderate exercises could help in the recovery of metabolic parameters, renal function and structure on gentamicin-induced AKI, perhaps due to restoration of redox balance. This could protect the kidneys from further insults like challenges with nephrotoxic drugs or the aging per se.
Introduction
Acute kidney injury (AKI) is a serious public health problem, especially in intensive care units, where patients may require dialysis support, resulting in 50% mortality. Several factors can cause AKI, including the low renal perfusion and septicemia, the use of radiocontrast agents or antibiotics such as the aminoglycosides, like gentamicin (G), which should be avoided mainly in established AKI [1] .
G is an aminoglycoside used alone or in combination with other antibiotic for the treatment of serious infections caused by Gram negative bacteria [2] ; however, it has several side effects such as the nephrotoxicity. It is estimated that up to 30% of patients treated with G for 7 or more days show signs of AKI, and uncritical use of this drug is associated with increase in hospital morbidity and mortality [3] .
G nephrotoxicity starts with its absorption by megalin, a membrane receptor of tubular cell. Once inside the cell, G can follow two ways: it can be captured by the lysosome and cause damage in the cell membrane by phospholipidosis; for the other hand it can act on mitochondria and induce oxidative stress, inducing necrosis and apoptosis. The tubular injury is the major effect of G, with loss of the brush border of the epithelial cells, progressing to acute tubular necrosis [4] .
According to Rivas-Cabanero et al. [5] G increased the synthesis of nitric oxide (NO) in cell culture, and this increase was blocked by L-nitroarginine methyl ester (L-NAME, a NO inhibitor); furthermore, the contractile effect caused by G in the planar surface of mesangial cells was diminished by this inhibition. However, NO synthesis by G is controversial, since other studies showed a reduction of that molecule both in rats and cells treated with G [6] .
Other mechanisms seem to be involved in G-induced nephrotoxicity including the increase in endothelin-1 and infiltration of monocytesmacrophages [7] , lipid peroxidation and reduction in antioxidant defense [8] . Another study showed that rats treated with G had increased lipid peroxidation and reduced glutathione in kidney tissue [9] .
In recent decades, surveys have been applied in an attempt to reverse the kidney damage from different etiologies, and the physical exercises showed beneficial effects for example, to slow the progression of Life Sciences 169 (2017) 37-42 diabetic nephropathy [10] . In this study, it was described a relationship between NO and training, since the rats submitted to exercises on treadmill had recovered the production of NO in the kidneys; at the same time, training partially blunted the progression of diabetic nephropathy. Moreover, in other research, it was found that exercise increased the extracellular superoxide dismutase activity by a mechanism dependent of NO [11] .
Besides, there are few studies about exercise and acute kidney disease [12, 13] , with no data reporting exercises in the recovery phase. The aim of the present study was to evaluate the effects of moderate aerobic training on the recovery phase of G induced AKI in rats.
Materials and methods

Animals
Male Wistar rats weighing in average 280 g were obtained from the Central Animal Housing of Escola Paulista de Medicina. The rats were kept at a controlled temperature of 22 ± 2°C, in an environment with regular period of light and dark cycle of 12:12 h and with standard chow and water ad libitum. The protocol was approved by the Ethics Committee in Research of Universidade Federal de Sao Paulo, protocol #424014.
First protocol -induction of AKI
A dose of 100 mg/kg/day ip of G (Gentatec, Sao Paulo, Brazil) was applied for 10 days. The control group received the same amount of vehicle (distilled water) [6] .
Second protocol -aerobic training
The exercise protocol began with the G discontinuation, and all animals were pre-selected for running; this is because there are animals that do not adapt to a treadmill exercise routine, and these ones were allocated to the resting group. The exercise consisted of a moderate running on treadmill at 16 m/min during 60 min/day, 5 days/week, during 30 days, with no inclination (0%). The training program was preceded by 1 week period of adaptation; this adaptation was made in periods of 10, 20 and 30 min with a speed of 10 m/min, with 2 min of interval each time. After the adaptation week, the running speed was increased gradually every day, until the rats started to run at the standard speed of 16 m/min [14] . From this point, they were randomly assigned to the groups with 6-8 animals each: a) W10 + R30: they received G vehicle and remained resting. b) W10 + EX30: they received G vehicle and were submitted to aerobic training. c) G10 + R30: they received G and remained resting. d) G10 + EX30: they received G and were submitted to aerobic training.
Metabolic profile
All animals were placed in metabolic cages (Tecniplast, Italy) for 24 h, receiving water and chow ad libitum, at the end of the first and second protocols; diuresis, water and food intake were recorded. At the end of both protocols, we collected samples of 24 h' urine and a small aliquot of blood from the retro-orbital plexus under anesthesia, after 3 h of fasting (same day); the urine and plasma samples were stored at −20°C for further analysis.
Renal function
Plasma and urinary levels of creatinine were measured by colorimetric assay using a Labtest Creatinine kit (Centerlab Ltda, Sao Paulo, Brazil). The plasma and urinary levels of urea were measured using a Labtest Urea CE kit (Centerlab Ltda, Sao Paulo, Brazil). The proteinuria was measured by Sensiprot Labtest kit (Centerlab Ltda, Sao Paulo, Brazil).
NO measurement
The NO was measured in the plasma, urine and renal cortex samples by chemiluminescence using the Nitric Oxide Analyzer (NOA™280, Sievers Instruments Inc., CO, USA), a high-sensitivity detector for measuring NO, which is based on the gas-phase chemiluminescent reaction between NO and ozone. The emission of a photon from electrically excited nitrogen dioxide is in the red and near-infrared region of the spectrum, and it is detected by a thermoelectrically cooled red-sensitive photomultiplier tube. The sensitivity for measurement of NO and its reaction products in liquid samples is~1 picomol [15] .
Estimation of lipid peroxidation
Lipid peroxidation was estimated by the thiobarbituric acid reactive substances (TBARS) method, with a molar extinction coefficient of 1.56 × 10 5 cm/mol, in plasma, urine and kidney [16, 17] .
Antioxidant
The antioxidant profile was determined in the kidneys: superoxide dismutase (SOD) was analyzed by Superoxide Dismutase Assay Kit (ESOD-100) and catalase (CAT) was determined by Catalase Assay Kit (ECAT-100), both from BioAssay Systems, EnzyChrom™ (Hayward, USA); total glutathione (GSH) was determined by Colorimetric Glutathione Assay Kit from Biovision (Boulevard, USA).
Euthanasia
At the end of the second protocol, the animals were euthanized with a high dose of anesthetic (ketamine chloridrate at 90 mg/kg and xylazine chloridrate at 18 mg/kg, both i.m.), an incision was made in the abdominal region and one of the kidneys of each animal was removed and stored in the freezer at temperature of − 80°C for NO, TBARS, SOD, CAT and GSH analysis; while the other kidney was prepared for histological analysis.
Histological analysis
The kidneys were fixed in 10% formaldehyde and embedded in paraffin, sectioned at 4 mm thickness and stained with hematoxylin-eosin (HE) and periodic acid Schiff (PAS). The analysis was carried out at a magnification of ×200 and × 400 respectively, analyzed by a pathologist, expert in kidneys, under blinded conditions. 
TGF-β protein analysis
The fibrosis was assessed by measurement of TGF-β protein in renal tissue by western blotting analysis. We used 40 μg of total protein, which was separated on 10% polyacrylamide gel. Blots were then incubated with anti-TGF-β antibody (1:1000, Abcam Inc., MA, USA). As a loading control, blots were incubated with an anti-actin antibody (1:500, Santa Cruz Biotechnology, CA, USA). The results were quantified using Image J software (National Institutes of Health, MD, USA).
Statistical analysis
The results were expressed as mean ± SEM or box plot graphics with medians ± SEM. After confirmation of normal distribution by Kolmogorow-Smirnov test, the values were analyzed by one way ANOVA with Newman-Keuls post-test for parametric data or Kruskal-Wallis test for nonparametric data. For comparison between two groups it was used the unpaired student t-test. Significance was defined as p b 0.05.
Results
First protocol -gentamicin-induced AKI
The animals treated with G during 10 days (G10) when compared with those which received the G vehicle (W10) presented a significant increase in diuresis and water intake; on the other hand there was a reduction in food intake and there was no difference in body mass ( Table 1) .
The renal function was worsened in G10 when compared to W10, as observed by an increase in creatinine and urea plasma levels, and a reduction in the creatinine clearance accompanied by increased proteinuria (Table 1) . In the analysis of oxidative stress, G10 compared to W10 showed that urinary excretion of TBARS was significantly increased unlike that of plasma, with a significant reduction in NO excretion (Table 1) .
Second protocol -moderate aerobic training
The W10 + EX30 group compared to W10 + R30 did not present any significant difference in metabolic parameter. The G10 + R30 group compared to W10 + R30 maintained high diuresis and water intake values. When G10 + EX30 group was compared to G10 + R30 there was normalization in metabolic data ( Table 2) . G10 + R30 or G10 + EX30 presented a total recovery of renal function, as compared to G10 (Tables 1 & 2) .
The NO plasma levels (nmol/mL) although different among the groups did not show statistical significance: W10 + R30 (39.5 ± 8.2), W10 + EX30 (58.5 ± 15.5), G10 + R30 (65.8 ± 9.2) and G10 + EX30 (99.5 ± 11.8); however, in G10 + EX30, the NO levels were 50% higher as compared to G10 + R30, according to Fig. 1A . The NO in the renal tissue (μmol/mg protein) was similar among groups (11.8 ± 0.5; 13.4 ± 2.2; 13.2 ± 1.7; 12.9 ± 0.9; respectively) as seen in Fig. 1C ; however, the NO urinary excretion (μmol/24 h) was significantly increased in G10 + EX30 compared to G10 + R30 (6714 ± 1262 vs 1901 ± 340), as seen in Fig. 1B .
The oxidative stress estimated by TBARS showed that there was no difference between W10 + EX30 and W10 + R30 in the lipoperoxidation of plasma, urine or renal tissue. However, the G10 + EX30 group presented significant reduction in the plasma (3.7 ± 0.2 vs 7.0 ± 0.5 nmol/mL), urine (56.2 ± 6.9 vs 119.2 ± 14.2 nmol/24 h) and renal tissue TBARS (1.8 ± 0.2 vs 5.6 ± 1.0 nmol/mg protein) when compared to G10 + R30 (Fig. 1D, E &  F, respectively) . Furthermore, in the G10 + R30 group it was significantly increased in urine (122.5 ± 14.2) and renal tissue (5.2 ± 0.9) in relation to W10 + R30 (64.8 ± 10.1 and 2.7 ± 0.6, respectively).
When we compared W10 + R30, W10 + EX30 and G10 + R30, the antioxidant defenses of the kidneys evaluated by SOD, CAT (nM/ min × mg protein) and total GSH (ng/mg protein) did not show differences between them; however G10 + EX30 compared to G10 + R30 presented significant increase of CAT (0.005 ± 0.0005 vs 0.004 ± 0.0002), according to Fig. 1H and total GSH (0.55 ± 0.007 vs 0.39 ± 0.02), as seen in Fig. 1I .
The histological analysis by light microscopy and stained with HE and PAS showed that the renal cortex in those that received water as vehicle showed no injury; however, the animals treated with G for 10 days, which posteriorly were submitted to resting showed lymphomononuclear infiltration (black arrows) and the trained animals presented proximal tubules with loss of brush border in the cells (white arrows), according to Fig. 2 .
The analysis of TGF-β protein showed that between the groups that received water there were no differences; however, the animals of G10 + EX30 group had lower TGF-β concentration in renal tissue when compared to W10 + EX30 or to G10 + R30 groups (Fig. 3) .
Discussion
G is an effective antibiotic for the most of Gram-negative microorganisms. However, the use of G can lead to AKI, classified as nephrotoxic injury, affecting approximately 30% of patients undergoing this treatment, contributing to limit its use [3] .
In this study we observed that rats treated with G for 10 days presented polyuric AKI and proteinuria, reduced urinary NO excretion and increased lipid peroxidation, which were attenuated 30 days after G suspension, as had already been demonstrated in a previous publication from our laboratory [6] .
As the major findings of the present study, we observed that the rats submitted to moderate training during 30 days, after G suspension, recovered urinary excretion of NO; furthermore, there was a reduction of plasmatic, urinary and renal tissue TBARS, at the same time that the antioxidant system, mainly CAT and GSH increased in trained animals when compared to untrained. In this phase of treatment discontinuation, the kidneys follow a natural path of repair; however, there are cases of incomplete recovery of renal function due to interstitial fibrosis [7] , which could be optimized by moderate exercises; since it is known that exercises have the capacity to reduce fibrosis deposit in tissues [18] and we believe that this probably occurred in our study. Survey demonstrated that drug-induced nephrotoxicity leads to vasoconstriction of renal vessels and it is aggravated with the reduction of NO [19] ; this molecule, which is a potent vasodilator, plays a key role in the AKI pathophysiology, as it has been suggested in studies in our laboratory, with other nephrotoxic drugs such as radiocontrasts [20] and cyclosporine [21, 22] .
Besides, our group showed that aerobic training at moderate intensity was able to improve renal function in diabetic rats; in these animals, after exercises there was amelioration in the metabolic parameters, renal function, recovery of NO levels and redox balance, as compared to untrained rats [10] .
In the present study, NO excretion reduced and urinary TBARS increased significantly with G treatment. This could be related to the pathogenesis of nephrotoxicity once that oxidative stress can be responsible for NO scavenging.
G discontinuation followed by 30 days of rest resulted in normalization of NO levels in 24 h urine; however, after G suspension followed by training, the animals showed the biggest NO production with the lowest lipid peroxidation among the groups. These data corroborate the discussion above, since superoxide anion, is very reactive with NO, producing the peroxynitrite, which is a powerful free radical that causes nitrosative damage in DNA and important proteins [23, 24] . The capacity of moderate exercise to reduce oxidative stress, inflammation and increase the antioxidant defense is also already known [25] .
Oxidative stress occurs due to the imbalance between the activity of pro-oxidants and antioxidants. The result of this imbalance can be the formation of reactive oxygen species (ROS), which are subproducts of aerobic metabolism, such as superoxide anion, the hydroxyl radical and hydrogen peroxide [26] . In situations of oxidative stress the body enhances the activity of enzymatic antioxidant defense systems such as SOD, CAT, glutathione peroxidase and glutathione reductase [26] .
ROS-induced damage has a critical role in the AKI pathophysiology, e.g. there is injury of tubule cells by oxidation of proteins and lipids, damage to DNA, and induction to apoptosis [27] . In AKI, altered renal microcirculation occurs through inflammatory stimuli involving interaction between endothelium and leukocytes, with the imbalance of NO homeostasis and ROS. Some therapies are used in an attempt to reduce inflammation and restore endothelial homeostasis [28] .
Another study demonstrated that G nephrotoxicity is also related to drug-induced oxidative stress, with increased lipid peroxidation, reduction in glutathione and antioxidant enzymes in the kidney [9] , and these data partially corroborated our results, as we have shown an augmented oxidative stress with G treatment.
As already discussed, there are no studies that address moderate exercise on the recovery phase of gentamicin-induced acute kidney injury in rats. However, a research that evaluated the effect of exercise on rats with experimental nephrites showed that trained animals had less proteinuria and glomerular injury than those untrained, demonstrating that exercise in these rats does not aggravate renal injury [12] . Besides, a review reported that regular exercise had beneficial effect in patients with glomerulonephritis, pyelonephritis and nephritic syndrome [13] . Physical activity reduces oxidative stress in animal models and delays the progression of diabetic nephropathy through the induction of antioxidant enzymes [16] . In the present study, we observed that moderate exercises after G discontinuation altered the antioxidant profile, as we have seen by the increased CAT and total GSH.
The kidney histological analysis showed that the animals, after G discontinuation and resting for 30 days presented interstitial lymphomononuclear infiltrates, which were reduced in G10 + EX30. Such infiltrates can be due to inflammation which occurs in AKI [29] or can be part of the repair response. These findings probably refer to a natural recovery from AKI after G suspension. However, in G-treated animals and submitted to moderate exercise, we observed partial loss of brush border in the tubules, suggesting that this group was in a more advanced stage of recovery. In fact, in this group, the renal function returned to basal levels as well as the 24 h diuresis. We suggest that the tubule without brush border observed in G10 + EX30 could represent tubules filled by the scattered cells described by Berger and Cols (2014) [30] . Corroborating with the renal histology, we demonstrated that TGF-β, a cytokine that promotes fibrogenesis [31] was increased in G10 + R30 when compared to all other groups.
All the findings of our study suggest that moderate exercise could be beneficial on the recovery phase of gentamicin-induced acute kidney injury, accelerating and optimizing this process, thus protecting the kidneys against future injuries like toxic drugs or even to aging.
Conclusion
We believe that after G discontinuation there is a natural process of clearing and recovery of the renal tubules, which is followed by cells recruited to terminate the tubule regeneration. Our data suggest that moderate exercises could optimize this restoration, but we need more studies to show how much it is applicable and effective in human AKI.
